Atomic oxygen adsorption on core-shell Ni＠Pt and pure Pt nanoparticles composed of 55 atoms each is investigated usinĝ rst-principles calculations. Results show that 5d-5d hybridization between Pt(core) and Pt(shell) in pure Pt cluster demonstrates both attractive and repulsive bonding characters depending on oxygen adsorption site. However, for Ni＠Pt cluster, 3d-5d hybridization between Ni(core) and Pt(shell) in the presence of oxygen always impose repulsive bonding character, which in turns, weakens the bonding at Ni/Pt interface.
Introduction
Current diesel oxidation catalyst (DOC) [1] [2] [3] that employs smaller Pt nanoparticles is still experiencing several drawbacks because those nanoparticles are notoriously susceptible to oxygen poisoning 4) , deformation 5) , and sintering processes 6, 7) . In recent years, heterogeneous catalyst such as NiPt/Al 2 O 3 has been reported to show better catalytic reactivity in dry reforming of methane (DRM) 8, 9) , ethanol steam reforming for hydrogen production 10, 11) and hydrogenation of maleic anhydride (MA) 12) . Experimental studies have also demonstrated that the catalyst can operate at higher temperatures, which is mandatory for the operational working temperature of DOC during catalytic oxidation. Therefore, the catalyst has greater chance to improve and enhance the current catalytic oxidation of DOC. In previous study 13) , we have investigated the possibility of utilizing core-shell Ni＠Pt nanoparticles as prospective catalyst candidate in DOC. One important result in that study is that the substitution of 1 nm Pt nanoparticles with core-shell Ni＠Pt nanoparticles of similar size could weaken Pt-O bonds. The result suggests that core-shell Ni＠Pt nanoparticles can resolve oxygen poisoning issue that aŠects turn over frequency (TOF) of NO oxidation on 1 nm Pt nanoparticles 14) . In addition, adsorbed oxygen-induced cluster reconstruction phenomenon that was found in core-shell Ni＠Pt and pure Pt nanoparticles has also been elaborated. In correlation to the observation made by EXAFS measurements 15, 16) , our calculation results qualitatively provide similar general trend where the amplitude of theˆrst nearest neighbor (1NN) Pt-Pt bond distribution of surface atoms decreases as more oxygen adsorbed on the nanoparticles.
There are still some lacks of knowledge about how this cluster reconstruction might aŠect the bonding at Ni/Pt interface, whether it would strengthen or weaken the bonding is still unknown. This concern arises from the fact that oxygen do not only locally induce surface atoms rearrangement on the surrounding adsorption site but also globally aŠect the connecting bonds of all nanoparticle atoms 13) . Similar phenomenon have also been observed in oxidized Na 55 nanoparticle 17) . Furthermore, an early investigation on Pt(111) surface has reported that adsorbed oxygen can strengthen and weaken the bonding between subsurface and surface Pt atoms by means of delectron frustration 18) . Therefore, in this work, we perform density functional theory (DFT) calculations in order to scrutinize the stability of Ni-Pt bonds in the presence of oxygen in core-shell Ni＠Pt nanoparticles. In the case, if Ni-Pt bonds are proven to be weakened, it should be clariˆed whether it undermines the eŠectiveness of compressive strain eŠect 19) on Pt-Pt bonds in Ni ＠Pt nanoparticles to weakly attract oxygen or not. For reference, (non-alloyed) pure Pt cluster is used for sideby-side comparison. Moreover, this work is also meant to check the applicability of d-electron frustration model to be implemented on alloyed NiPt metals. In general, we mainly focus our discussion on two points related to Pt-O bonds formation on Ni＠Pt cluster: (1) Role of alloying and geometric relaxation in adjusting oxygen adsorption energy; (2) The eŠect of platinum oxide formation on the bonding at Ni/Pt interface and its direct implication to the interface.
Computational Methods
To construct 1 nm nanoparticles, we adopted the socalled magic cluster (i.e., clusters containing complete shell of atoms) with size of 55 atoms 20, 21) and found that Mackay icosahedron to be the most stable structure among other 55-atom Pt cluster isomers. From previous computational study, Wang et al. 21) through their seminal DFT study has conˆrmed that the alloyed Ni-Pt cluster using 55 atoms is energetically more favorable to accommodate Pt-enriched surface. This allowed us to construct Ni＠Pt cluster where 42 out of 55 atoms are positioned on the cluster surface.
All the calculations were performed with the VASP program [22] [23] [24] using the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 25) for the exchange correlation functional and the projector augmented-wave (PAW) method using a plane-wave cutoŠ energy of 400 eV. Using one k-point sampling, the energies were converged to 1 meV/atom and ionic relaxations were allowed until the absolute value of force on each atom was below 0.02 eV/Å . The clusters were simulated in a periodic cubic supercell with a size of 25 Å sides, ensuring a su‹cient vacuum region to separate the clusters and their images. For geometry optimization, two calculation schemes are carried out. For rigid cluster calculation, oxygen atom was relaxed and all atoms in the clusters wereˆxed. While for relaxed cluster case, oxygen and all atoms in the clusters, except oneˆxed atom in the center, were fully relaxed. Oxygen adsorption energy (E ad ) was calculated from the total energy diŠerence between the system with adsorbate (E cluster-O ), isolated cluster (E cluster ), and isolated oxygen (E O ) relative to 1/2 O 2 in gas phase as given by the equation,
The oxygen adsorption energies for rigid and relaxed clusters are obtained from previous study 13) . Figure 1 (a) and 1(b) show the optimized core-shell Ni ＠Pt and pure Pt clusters, respectively, where the surface (shell) atoms arrangement gives 20 identical equilateral triangular faces and all of them share similar (111) facet surface. The average Pt-Pt bond distances on the surface of core-shell Ni＠Pt and pure Pt clusters are 2.68 Å and 2.79 Å, respectively, which closely match the values obtained from X-ray diŠraction (XRD) data of 2.70 Å and 2.77 Å 26, 27) . Furthermore, there are two distinguishable Pt atoms on the surface as seen in Fig. 1 (a) and 1(b), indicated by A and B labels that refer for atoms with 6 and 8 coordination numbers, respectively. The average bond distances for A-B and B-B bonds in Ni＠Pt cluster are 2.63 Å and 2.73 Å, respectively, while the ones in pure Pt cluster are 2.72 Å and 2.86 Å . It is clear that all shell Pt-Pt bonds in Ni＠Pt cluster are contracted due to the Ni core atoms.
Results and Discussions

Role of alloying and geometric relaxation eŠects
Here, we consider six adsorption sites as indicated in Fig. 1(c) . The oxygen adsorption energies are summarized in Table 1 for both rigid and reconstructed clusters. For all sites, oxygen is found to be adsorbed on pure Pt cluster slightly stronger than on Ni＠Pt cluster. The trend of weaker oxygen adsorption energy in Ni＠Pt cluster is mainly caused by strong 3d-5d interaction between Ni(core) and Pt(shell) atoms (see Fig. 1(d) ). This trait can be easily observed from the shifting of some 5d states of Pt atoms (A and B) to lower energy region (as pointed out by the arrows) and leaving less available Pt-5d states that could interact with O-2p states. Hence, the shell Pt atoms in Ni＠Pt cluster could not bind oxygen as strong as those atoms in pure Pt cluster (alloying eŠect).
Furthermore, the geometric structure of these two clusters during Pt-O bonds formation is not completely rigid although, following oxygen adsorption, there is no noticeable structural change. However, the stronger oxygen adsorption energy found in reconstructed cluster rather than that obtained from rigid cluster indicates that geometric relaxation has occurred in the clusters. According to Lu and Henkelman 28) , this geometric relaxation which is induced by oxygen stabilizes Pt-O bonds formation and reduces the catalytic activity of Pt-based nanoalloys. Hence, geometric relaxation could undermine the eŠectiveness of core Ni atoms in rendering contracted Pt-Pt bonds on the surface to weakly bind oxygen. This explains why oxygen adsorption energies on core-shell Ni＠Pt cluster have small energy gap with respect to those of pure Pt cluster. However, one should remember that both alloying and geometric relaxation eŠects do not dictate the oxygen adsorption site preference in the clusters because the geometric structure of the clusters is still dominant factor in determining the most preferable adsorption site for oxygen. This similar observation has also been conˆrmed for oxygen adsorption site preference on 1 and 2 nm Pt nanoparticles with respect to Pt(111) surface 29) .
The mechanism of bond weakening process at
Ni/Pt interface 3.2.1 Ni-Pt bond weakening and Pt-Pt bond strengthening To understand the mechanism of oxygen adsorption in disrupting the bonding at core/shell interface, schematics of three selected adsorption sites are obtained by slicing through atoms with A-c-B-c-A labels (see Fig. 1(c) ) and illustrated in Fig. 2(a) -2(c). For vertex A and bridge sites case, A-designated shell Pt and c-designated core Ni (or Pt) atoms are distinguished by assigning them a number to indicate which Pt and/or Ni atom(s) are involved in the bond weakening/strengthening process at the core/shell interface.
For vertex A site case in pure Pt cluster (the two upper panels on the left side of Fig. 3) , following oxygen adsorption, strong 2p-5d hybridization between oxygen and shell Pt(A 1 ) atoms generates two distinct sequential peaks of bonding and anti-bonding regions. The 5d electrons of core Pt(c 1 ) atom are also redistributed to occupy the same energy levels that adopted by 5d electrons of Pt(A 1 ) atom. As the result, the 5d electrons of both Pt atoms that make contribution to constructive bonding of Pt(c 1 )-Pt(A 1 ) bond are shifted to lower energy level while the electrons that build anti-bonding interaction are displaced above the Fermi level. This indicates that Pt(c 1 )-Pt(A 1 ) bonds are strengthened. Hence, the 5d-5d hybridization between Pt(c 1 ) and Pt(A 1 ) atoms generates more attractive bonding character upon oxygen presence.
As for the Ni＠Pt cluster case (the two bottom panels on the left side of Fig. 3) , the 2p-5d hybridization provides electron distribution proˆle similar to the one exhibited in pure Pt cluster. However, the 3d electrons of Ni(c 1 ) atom are unexpectedly shifting into the interval energy region [-3.3, -0.35]. Since the majority distribution of Ni(c 1 )-3d and Pt(A 1 )-5d electrons in post-oxygen adsorption state are no longer staying at the same energy range, it can be argued that Ni(c 1 )-Pt(A 1 ) bond has been weakened. Therefore, the 3d-5d hybridization of the Ni-Pt bond has become more repulsive after the Pt-O bond formation. Partial charge density distribution plots in Fig. 4 further rationalize this bond weakening process in Ni＠Pt cluster as follows. The weakening Ni(c 1 )-Pt(A 1 ) bond is compensated by increasing bonding strength of Ni(c 1 )-Ni(c 3 ) bond due to electron transfer from Ni(c 3 ) to Ni(c 1 ) atom as seen in the plots at energy range [-3.3, -2.3]. Some parts of these electrons also contribute to the increasing repulsive (anti-bonding) interaction between these two atoms as emphasized by the charge density plots at [-2.3, -0.35].
For vertex B site case, diŠerent cartesian coordinate system (x?, y?, z?) is used as described in Figs. 2(c) and 3. When oxygen is adsorbed on pure Pt cluster, the Pt(c)-5d electrons will undergo similar displacement that is experienced by the Pt(c1)-5d electrons in vertex A case. In similar way, some of Ni(c)-3d electrons of Ni＠Pt cluster are shifted to the interval energy region [-3.3, -0.35] and this depletes the charge density in the midpoint region of Ni(c)-Pt(B) bonds as clearly seen in the plots of Fig. 4 . The event of weakening Ni(c)-Pt(B) bonds in Ni＠Pt cluster is subsequently followed by the expansion of contour area of charge density (shaded region) that envelops Ni(c) and Ni(c 3 ) atoms. Through the depiction of partial charge density plot in Fig. 4 at energy range [-2.3, -0.35], it is found that the Ni(c)-Ni(c) bond has been strengthened instead of the Ni(c)-Ni(c3) bonds since there is a rise of charge density accumulation in the midpoint region of Ni(c)-Ni(c) bond axis after oxygen adsorption.
EŠect of Pt oxide formation on Ni/Pt interface and its direct implication
For the bridge site case (see Fig. 2(b) ), one oxygen atom is bonded to two Pt atoms. Another interesting thing is that oxygen adsorption energy in this site is similar for both relaxed clusters as consequence of the geometric relaxation eŠect. In order to answer why both clusters can bind oxygen at equal Pt-O bonding strength, the bonding at Ni/Pt and Pt(core)/Pt(shell) interfaces will be further evaluated. Based on the PDOS analysis in Fig. 5 , the attractive bonding interaction at core/shell interface in pure Pt cluster is represented only by Pt(c 1 )-Pt(B) bond, while the repulsive ones are given by Pt(c 2 )-Pt(B) and Pt(c 2 )-Pt(A 2 ) bonds. These bonds with respect to their equilibrium bond lengths (without oxygen) are readjusted by -0.06 Å, 0.17 Å, and 0.04 Å, respectively. The contracted Pt(c 1 )-Pt(B) bond (minus sign) is a good indication that the bond has been strengthened. On the other hand, all bonding interactions at Ni/Pt interface in Ni＠Pt cluster are imposing repulsive (anti-bonding) interaction as demonstrated by Ni(c 1 )-Pt(B), Ni(c 2 )-Pt(B), and Ni(c 2 )-Pt(A 2 ) bonds. All of these bonds are being stretched by 0.21 Å, 0.38 Å, and 0.06 Å respectively. PDOS in Fig. 5 conˆrms that core Ni(c 1 ) and Ni(c 2 ) atoms in Ni＠Pt cluster experience an increase of antibonding interaction, following the oxygen adsorption, while in pure Pt cluster this anti-bonding interaction can only be found in Pt(c 2 ) atom. As additional information, Pt less eŠective. The bond strengthening process that occurs in Pt(c 1 )-Pt(B) bond is similar to the Pt-Pt bond strengthening when oxygen atom is adsorbed on fcc site of Pt(111) surface, while bond weakening that happens on Pt(c 2 )-Pt(B) and Pt(c 2 )-Pt(A 2 ) bonds is equivalent to the case of Pt-Pt bond weakening that is rendered by atomic oxygen adsorption on hcp site. This bond strengthening and weakening phenomenon has been called d-electron frustration by Feibelman 18) . This proves that Pt-Pt bonds in pure Pt cluster and Pt(111) surface react in similar fashion with oxygen, which means the concept of d-electron frustration model is also applicable to Pt cluster as small as 55-atom. However, Ni-Pt bonds in Ni ＠Pt cluster do not accommodate this model where atomic oxygen adsorption on any site causes the weakening of Ni-Pt bond.
Nonetheless, the analogy of this model can be helpful in explaining why Ni(c 2 )-Pt(B) bond is stretched more than twice the bond elongation experienced by Pt(c 2 )-Pt(B) bond (0.38 Å against 0.17 Å). Due to oxygen adsorption, charge transfer from Pt(B) to oxygen atom leads to increasing repulsive force between the two atoms. To compensate this, some excessive charge of Pt(B)-5d states atom along the Pt(B)-O bond axis are allocated to either Ni(c 2 ) or Pt(c 2 ) atoms. Since most unoccupied Pt(c 2 )-5d states are anti-bonding states, charge donation from Pt(B) contributes to bond weakening. For the Ni(c 2 ) atom case, due to Pt greater electronegativity, it is unlikely for Pt(B) to donate charge to Ni(c 2 ) atom. Therefore, the Pt(B) atom only option is to move away as far as possible from Ni(c 2 ) atom. The increasing of anti-bonding proˆle perpetuated by Ni(c 2 )-3d xz states (see Fig. 5 ) is presumed because Ni(c 2 ) atom interacts with Pt(B) atom. Similar assumption goes for the Ni(c 1 )-Pt(A 1 ) bond in vertex A site. Hence, it could be argued that the stability of Ni(core)-Pt(shell) bonds in core-shell Ni＠Pt cluster is easily disrupted by oxygen than that of Pt(core)-Pt(shell) bonds in pure Pt cluster.
As summary, the direct impact of Pt oxide formation on core-shell Ni＠Pt cluster in adjusting oxygen adsorption energy will be explained. Previously, it has been shown that core-shell Ni＠Pt cluster weakly binds oxygen as compared to pure Pt cluster because there is strong 3d-5d hybridization which reduces the available Pt-5d states that can interact with O-2p states. When Ni-Pt bonds are weakened, it also means that 3d-5d hybridization between Ni and Pt atoms is weakened. Thus, it reverses the preceding Pt-5d states shifting to lower energy region and provides more Pt-5d states at higher energy region close to the Fermi level that can form bonding with O-2p states. As the result, the oxygen adsorption energy in core-shell Ni＠Pt cluster will increase such as the one observed in bridge site case where the energy resembles the one obtained in pure Pt cluster.
Conclusion
We have studied the role of alloying and geometry relaxation in determining oxygen adsorption energy in core-shell Ni＠Pt cluster. Weaker oxygen adsorption energy in core-shell Ni＠Pt is caused by 3d-5d hybridization between Ni and Pt atoms, which, reduce the available Pt-5d states that can interact with O-2p states to form stronger Pt-O bonds. However, geometry relaxation in the cluster that is induced by oxygen undermines the eŠectiveness of core Ni atoms in rendering shell Pt atoms to weakly bind oxygen. The oxygen adsorption site preference in both clusters is greatly aŠected by their geometric structure.
Furthermore, the result shows that 5d-5d hybridization of Pt(core)-Pt(shell) bonds in pure Pt cluster in the presence of oxygen can turn into more attractive or repulsive bonding character depending on the adsorption site of oxygen. In Ni＠Pt cluster, the 3d-5d hybridization of Ni-Pt bonds under oxygen presence always developes into repulsive bonding character, hence, weakens the bonding at Ni/Pt interface. As consequence, the weakened Ni-Pt bonds will increase Pt-O bonding strength. In general, pure Pt cluster binds oxygen stronger as compared to core-shell Ni＠Pt cluster because the cluster also undergoes geometric relaxation that stabilizes Pt-O bonds.
